The rod-shaped bacterium Myxococcus xanthus moves on surfaces along its long cell axis and reverses its moving direction regularly. Current models propose that the asymmetric localization of a Ras-like GTPase, MglA, to leading cell poles determines the moving direction of cells. However, cells are still motile in the mutants where MglA localizes symmetrically, suggesting the existence of additional regulators that control moving direction. In this study, we identified PlpA, a PilZ-like protein that regulates the direction of motility. PlpA and MglA localize into opposite asymmetric patterns. Deletion of the plpA gene abolishes the asymmetry of MglA localization, increases the frequency of cellular reversals and leads to severe defects in cell motility. By tracking the movements of single motor particles, we demonstrated that PlpA and MglA co-regulated the direction of gliding motility through direct interactions with the gliding motor. PlpA inhibits the reversal of individual gliding motors while MglA promotes motor reversal. By counteracting MglA near lagging cell poles, PlpA reinforces the polarity axis of MglA and thus stabilizes the direction of motility.
Introduction
Bacterial cells are highly polarized. For rod-shaped bacteria, cell poles constitute important regulatory platforms for a large number of cellular processes including division, differentiation, virulence, chemotaxis and both individual and collective movements (Treuner-Lange and Sogaard-Andersen, 2014; Schumacher and SogaardAndersen, 2017) . The rod-shaped soil bacterium Myxococcus xanthus (M. xanthus) features directed motility, regulated pattern formation, biofilm formation and programmed differentiation into fruiting bodies (Muñoz-Dorado et al., 2016) . All these functions require the moving direction of cells to be fine tuned in response to environmental and self-generated cues (Zusman et al., 2007; Schumacher and Sogaard-Andersen, 2017) . M. xanthus lacks flagella and is unable to move by swimming. Instead, M. xanthus cells adapt to their natural habitats with two surface motility systems. Social (S-) motility depends on the extrusion and retraction of type IV pili (T4P) at cell poles (Sun et al., 2000; Chang et al., 2016) . The motors for gliding motility, also known as adventurous (A-) motility, are proton channels formed by three proteins AglR, AglQ and AglS. This proton channel/motor complex is homologous to the Escherichia coli flagella stator complex MotAB (AglR is a MotA homologue while AglQ and AglS are MotB homologues) (Nan et al., 2011; Sun et al., 2011; Nan and Zusman, 2016) . The gliding motors in M. xanthus move rapidly along helical trajectories, slow down and assemble into multicomponent gliding complexes at the putative focal adhesion sites, and propagate proton motive force onto the cell surface (Nan et al., 2010b (Nan et al., , 2011 (Nan et al., , 2013 (Nan et al., , 2014 Luciano et al., 2011; Sun et al., 2011; Faure et al., 2016; Nan and Zusman, 2016) . M. xanthus coordinates both motility systems to move unidirectionally along the long cell axis (Lenz and Sogaard-Andersen, 2011; Kaimer et al., 2012) . To achieve optimal motility efficiency, cells reverse their moving direction regularly and control the reversal frequency in a narrow range (Wu et al., 2009) . Fixed moving direction, such as in the hypo-reversing frz null mutants, impairs the efficiency of colony expansion. Similarly, mutants reversing their moving direction at high frequency (hyper-reversing) also show severe motility defects (Bustamante et al., 2004) . In laboratory, S-motility is predominant on soft surfaces (such as 0.3%-0.5% agar) and plays a major role in the collective movements of cell groups. In contrast, A-motility functions poorly on soft surfaces due to its abnormally high reversal frequencies (Zhou and Nan, 2017) . Instead, A-motility is more efficient on harder surfaces (such as 1.5%-2.0% agar) and contributes more for the movements of individual cells (Shi and Zusman, 1993; Zhou and Nan, 2017) .
M. xanthus cells determine their moving direction through small GTPases and cytoskeletal elements (Leonardy et al., 2010; Mauriello et al., 2010; Zhang et al., 2010; Lenz and Sogaard-Andersen, 2011; TreunerLange and Sogaard-Andersen, 2014; Nan et al., 2015; Treuner-Lange et al., 2015) . The central regulator is MglA, a bacterial homologue of the Ras-family GTPases. During movement, GTP-bound MglA localizes in an asymmetric gradient and forms major clusters at the leading cell poles (Leonardy et al., 2010; Zhang et al., 2010; Nan et al., 2015) . Although the molecular mechanism is unclear, MglA was observed to determine the direction of S-motility by sorting PilB and PilT, the T4P motor ATPases, to opposite cell poles (Bulyha et al., 2013) . For A-motility, MglA may control the moving direction of individual motors through direct interaction (Nan et al., 2015) , or, alternatively, facilitate the assembly and reassembly of the gliding complexes to the MreB cytoskeleton (Treuner-Lange et al., 2015) . Although these two hypotheses emphasize different aspects, they might point to the same molecular mechanism: MglA determines the moving direction of cells by regulating the movements of individual motor complexes.
The GTPase activity of M. xanthus MglA is regulated by its cognate GTPase-activating protein (GAP), MglB. MglB localizes into an asymmetric pattern opposite to MglA, forming major clusters at lagging cell poles. MglB activates the GTPase activity of MglA, expelling MglA-GTP from lagging cell poles (Leonardy et al., 2010; Zhang et al., 2010; Lenz and Sogaard-Andersen, 2011; Miertzschke et al., 2011) . RomR, a response regulator, reinforces the MglA polarity axis through interactions with both MglA and MglB (Leonardy et al., 2007; Keilberg et al., 2012; Zhang et al., 2012; Kaimer and Zusman, 2013; Kaimer and Zusman, 2016) . MglC, a recently identified orphan paralogue of MglB, also modulates the moving direction of cells through an unknown mechanism (McLoon et al., 2015) . Cells reverse their direction of movement when the Frz system, a master chemosensory pathway, inverts the asymmetric localization of MglA, MglB and RomR (Leonardy et al., 2010 , Zhang et al., 2010 , Keilberg et al., 2012 , Zhang et al., 2012 Kaimer and Zusman, 2013; Kaimer and Zusman, 2016) . However, signals from outside of the Frz-Mgl circuit, such as extracellular polysaccharides, also regulate cellular reversal (Zhou and Nan, 2017) .
MglA localizes symmetrically at both cell poles in the absence of MglB. However, DmglB cells are still motile, albeit reverse twice as frequently as the wild type cells, suggesting the existence of additional regulators that maintain the directed motility of cells (Leonardy et al., 2010; Zhang et al., 2010) . In this study, we identified such a regulator, PlpA, a PilZ-like protein. In wild type cells, PlpA and MglA localize into opposite asymmetric patterns. While MglA interacts with AglR, the MotA homologue in the gliding motor (Nan et al., 2015) , PlpA interacts with AglS, a MotB homologue. The correct localization of MglA and MglB depends on PlpA and PlpA depends on MglB and MglC. By studying the behavior of single motors using single-particle microscopy, we found that PlpA antagonized MglA by inhibiting the reversal of individual gilding motors. Based on these results, we propose that PlpA is a novel regulator that stabilizes the moving direction of cells by antagonizing MglA at lagging cell poles.
Results

PlpA (MXAN_2528) interacts with AglS in the gliding motor
We identified PlpA in a bacterial adenylate cyclase twohybrid (BACTH) (Karimova et al., 1998) screen for proteins that potentially interact with the AglRQS gliding motor. DNA fragments from an open reading frame (ORF), mxan_2528, were repeatedly identified when using aglS, the gene encoding one of the two MotB homologues in the motor complex, as the bait (see Materials and Methods). To confirm this interaction, we fused the motor genes, aglR and aglS and the mxan_2528 ORF to the 5' ends of the DNA sequences that encode complementary fragments of adenylate cyclase (CyaA) and expressed the fusion proteins. Protein interactions can be determined by the blue color of colonies associated with b-galactosidase activity (Karimova et al., 1998) . As shown in Fig. 1A , MXAN_2528 directly interacts with the MotB homologue AglS, but not with the MotA homologue AglR. Consistent with previous report (Nan et al., 2015) , AglR displayed strong self-interaction and directly interacted with AglS. AglQ, the other MotB homologue, did not show any interaction with AglR and AglS in BACTH assay even though AglRQS presumably form a transmembrane channel (Sun et al., 2011) (Supporting Information Fig.  S1 ). We speculated that our BACTH constructs of AglQCya T18 and AglQ-Cya T25 might not express or fold correctly in E. coli cells and, therefore, did not include AglQ in further BACTH studies.
to recent transcriptome analyses, this ORF is constitutively transcribed in M. xanthus cells (Muller et al., 2010; Huntley et al., 2011) . We named MXAN_2528, the PilZlike protein, PlpA. To investigate the function of this protein, we constructed an in-frame deletion of the entire plpA ORF. We assayed S-motility of this strain on a 0.5% agar surface, where the contribution of gliding motility to colony expansion is negligible (Shi and Zusman, 1993) . The DplpA colonies expanded from the initial inoculum on 0.5% agar, indicating that T4P in this strain were still functional. However, the migration of the DplpA colonies after 24 h incubation was reduced to less than 50% of the wild type (DZ2) level, indicating a severe defect in S-motility (Fig. 1C) . We then completely eliminated S-motility in the DplpA strain by disrupting pilus production with a pilA::tet insertion. The resulted strain was also defective in A-motility, as the colony diameters on 1.5% agar were reduced to 60% of the pilA -level (Fig. 1C) . Despite to its defects in motility, the DplpA cells still formed fruiting bodies on CF agar (Supporting Information Fig. S3 ). Taken together, motility assays indicate that PlpA is a regulator for both A-and S-motility systems. The phenotypes caused by the plpA deletion were striking, because most of the genes required for motility in M. xanthus function in only one of the motility systems, except for mglA, mglB and romR, which are essential for both motility systems (Hodgkin and Kaiser, 1979; Leonardy et al., 2010; Mauriello et al., 2010; Zhang et al., 2010; Keilberg et al., 2012; Zhang et al., 2012) . While the DmglA cells are nonmotile, DmglB and DromR cells show both motility defects and hyperreversing phenotypes (Leonardy et al., 2007; Leonardy et al., 2010; Zhang et al., 2010; Keilberg et al., 2012) . To test if the motility defects of the DplpA cells were also due to abnormal cellular reversals, we, therefore, calculated the reversal frequency of the DplpA cells on the surface of 1.5% agar, where both A-and S-motility systems were functional (Shi and Zusman, 1993) . As shown in Fig. 2 S-motility or cellular reversal (Supporting Information Fig. S5 ).
As we reported previously, the wild-type cells that moved with both A-and S-motility reversed significantly more frequently than the cells that moved with only Aor S-motility (Zhou and Nan, 2017) . This result suggested that the reversal of one motility system could trigger the reversal of the other motility system and subsequently, cellular reversal. Similarly, recent studies suggested that the Frz system might regulate the two motility systems differently Kaimer and Zusman, 2016) . To test if PlpA inhibits the reversal of both A-and S-motility, we calculated the reversal frequencies of the plpA pilA (moving with A-motility only) and plpA aglQS (moving with S-motility only) double mutants on 1.5% agar. As shown in Supporting Information Fig. S6 , the introduction of an additional plpA deletion increased the reversal frequencies of both the pilA and aglQR (genes encoding both the MotB homologues were deleted) cells. Taken together, cellular reversal assays indicated that PlpA inhibits the cellular reversals in both A-and S-motility.
PlpA regulates cellular reversals together with the Frz-Mgl pathway
The Frz chemosensory pathway has been shown as a master system that controls cellular reversals through RomR and the Mgl module (Kaimer and Zusman, 2013; Kaimer and Zusman, 2016) . To determine whether PlpA also functions within the Frz-Mgl pathway, we created double mutants by deleting the plpA gene in the DfrzE, frzCD c (frzCD D6-153 ), DromR, DmglA, DmglB and DmglC strains. As shown in Supporting Information Fig. S4 , it was difficult to find conclusive genetic evidence for an epistatic relationship between PlpA and the Frz-Mgl pathway solely based on either S-or A-motility. For example, the S-motility spreading of the DfrzE DplpA and DromR DplpA double mutants on 0.5% agar surfaces appeared similar to that of the DplpA single mutant, suggesting that PlpA might function downstream of both the Frz pathway and RomR (Supporting Information Fig.  S4A ). However, on 1.5% agar surfaces, gliding efficiencies of these double mutants were similar to that of the DfrzE and DromR strains respectively, suggesting that PlpA might function upstream of both the Frz pathway and RomR (Supporting Information Fig. S4B ).
Since the DplpA deletion causes cells to hyperreverse, we decided to calculate the reversal frequencies of the above single and double mutants. Consistent with previous reports (Leonardy et al., 2007; Leonardy et al., 2010; Zhang et al., 2010 Zhang et al., , 2012 Keilberg et al., 2012; McLoon et al., 2015) , DfrzE and DmglC cells reversed their polarity at very low frequencies (once every 32-34 min, 0.02 6 0.01 min 21 , hypo-reversing), while the frzCD c and DmglB cells hyper-reversed (once (Zhang et al., 2010) , cells carrying the plpA mglB double deletion showed even smaller displacements between reversals (0.5 6 0.2 cell length). The introduction of the plpA deletion increased the reversal frequencies of cells in both hypo-and hyper-reversing backgrounds compared to the parental strains (Fig. 2) . Strikingly, overexpressing PlpA in the presence of 200 lM sodium vanillate in the hyper-reversing frzCD c background reduced cellular reversal frequency to once every 10.2 min (0.10 6 0.01 min 21 ) (Fig. 2) . As a result, motility defects of frzCD c cells were partially rescued by excessive PlpA (Supporting Information Fig. S4 ). Thus, rather than functioning in the same signaling cascade, PlpA and the Frz-Mgl pathway regulate cell reversals in an additive manner. We were not able to calculate the reversal frequencies of the DromR, DmglA, DromR DplpA and DmglA DplpA cells because individual cells of these mutants did not show significant movements (Supporting Information Fig. S4B ). PlpA localizes in an asymmetric pattern and concentrates at lagging cell poles
To further study its function, we expressed PlpA with a GFP label at its C-terminus as the sole source of PlpA under its native genetic control. This strain showed phenotypes in A-and S-motility that were indistinguishable from the wild type (Fig. 1C) , indicating that the PlpA-GFP fusion is fully functional. Using regular fluorescence microscopy, we studied the localization of PlpA-GFP in live cells. As shown in Fig. 3A and B, PlpA localizes along the cell bodies and aggregates into bright clusters at the lagging cell poles. Importantly, the bright PlpA clusters re-localized to the new lagging poles when cells reversed their moving direction, indicating that the asymmetric localization pattern of PlpA inverted coordinately with cell reversals (Fig. 3A and B) . We recorded the dynamics of PlpA-GFP clusters in 200 moving cells. We found that 172 cells (86%) contained PlpA-GFP clusters at single cell poles, while 20 (10%) and 8 (4%) cells showed diffusive and asymmetric bipolar localization patterns respectively (Fig. 3C) . We noticed that in many cases, PlpA localized to bipolar patterns transiently during cell reversals (between 300 s and 400 s in Fig. 3B ). To further quantify the localization of PlpA, we performed frame-by-frame analysis on 64 moving cells that displayed unipolar PlpA clusters. Among 6464 frames analyzed (101 frames per cell, at 10-s intervals), we found that PlpA localized to lagging cell poles in 82.7% frames (Fig. 3D) . Taken together, our data indicated that PlpA localizes to lagging cell poles and switches to new lagging poles as cells reverse.
The asymmetric localization of PlpA requires MglB and MglC
To determine how the asymmetric localization of PlpA is regulated, we expressed PlpA-GFP in various genetic backgrounds. While PlpA-GFP localized at lagging cell poles in near 90% of cells (Figs. 3 and 4) , it became largely diffusive when mglB and mglC were deleted (Fig. 4) . In contrast, PlpA-GFP still concentrated at the lagging cell poles in DaglQS, DfrzZ, mglA overexpression (mglA OE), MglA constitutively active (mglA
Q82L
), mglB overexpression (mglB OE), DromR, romR overexpression (romR OE) and mglC over expression (mglC OE) backgrounds (Fig. 4) . It was not possible to identify the leading poles of the DromR and DmglA cells since both strains did not move. However, PlpA still maintained asymmetric localization pattern in DromR and DmglA cells where it formed a bright cluster at only one pole in each cell (Fig. 4) . Taken together, the asymmetric localization of PlpA depends on both MglB and MglC.
Similar to PlpA, MglB and MglC also localize into asymmetric patterns and concentrate at lagging cell poles (Leonardy et al., 2010; Zhang et al., 2010) . To investigate if PlpA interacts with MglB, MglC and other key proteins in the Frz-Mgl pathway, we performed pairwise BACTH assays between PlpA and FrzZ, RomR, MglA, MglB and MglC. As shown in Supporting Information Fig. S7 , we did not observe any interaction between PlpA and these Frz-Mgl proteins.
PlpA regulates the polar localization of the MglAB module
To investigate whether PlpA regulates the localization of the regulators in the Frz-Mgl pathway, including FrzZ, RomR, MglA, MglB and MglC, we labeled these proteins with fluorescence tags and studied their localization in wild type and DplpA backgrounds using fluorescence microscopy. While displaying unipolar localization patterns in wild type background, both MglA and MglB localized into bipolar patterns in the absence of PlpA. Thus, although MglA and MglB do not require the function of PlpA to localize to cell poles, they do depend on PlpA to localize into unipolar patterns (Fig. 5) . We further studied the localization of MglA and MglB in the plpA mglB and plpA mglA double deletion strains respectively. Our data showed that MglA and MglB diffused in these double mutants and lost polar localization completely.
To test if PlpA regulates the polar localization of RomR, we investigated the localization of RomR-YFP in the plpA deletion strain. As shown in Fig. 5 , RomR largely retained its asymmetric bipolar localization pattern in the absence of PlpA but slightly switched toward symmetric bipolar (Fig. 5) . We further imaged RomR-YFP in the plpA mglB and plpA mglA double deletion strains. In the plpA mglB double deletion strain, RomR switched to symmetric bipolar localization (Fig. 5) , similar to its localization pattern in the mglB single deletion background (Keilberg et al., 2012) . Similar to the observation in the mglA single deletion background (Keilberg et al., 2012) , PlpA predominantly to single cell poles (Fig. 5) . Thus, our data indicated that PlpA does not regulate the polarity of RomR directly. In addition, the deletion of plpA alone does not affect the localization of neither FrzZ nor MglC (Supporting Information Fig. S8 ). Taken together, although its molecular mechanism is still unclear, our data suggested that the mutual dependence between PlpA and the MglAB module determines the polarity axes of cells.
The regulatory function of PlpA does not require cyclic-di-GMP (c-di-GMP)
PlpA belongs to the PilZ protein family. Many proteins containing the PilZ domains are receptors of c-di-GMP, a second messenger that regulates multiple functions in bacteria, especially motility and biofilm formation (Amikam and Galperin, 2006; Jenal and Malone, 2006; Ryjenkov et al., 2006; Hengge, 2009 ). In M. xanthus, cdi-GMP regulates the T4P-dependent S-motility and sporulation (Skotnicka et al., 2016a (Skotnicka et al., , 2016b . As shown in Fig. 1C and Supporting Information Fig. S2 , PlpA contains the signature c-di-GMP binding motif RxxxR-N 20-30 -D/NxSxgG (Amikam and Galperin, 2006; Ryjenkov et al., 2006) . Mutations on key residues in the c-di-GMP binding motif of the Escherichia coli YcgR protein resulted in significant motility defects (Ryjenkov et al., 2006) . To investigate if c-di-GMP is required for the regulatory function of PlpA, we constructed three point mutations on PlpA using site-directed mutagenesis: an R to D mutation on residue 15 (R15D), an S to A mutation on residue 39 (S39A) and G to A mutations on residues 41 and 42 (G41A G42A) (Supporting Information  Fig. S9A ). To our surprise, all three strains that expressed these PlpA mutants as the sole sources of PlpA retained both S-and A-motility at the wild type level (Supporting Information Fig. S9B ). We further determined the reversal frequencies of these cells. Consistent with their phonotypes in motility, cells of wild type and the three mutant strains all reversed at similar frequencies (Supporting Information Fig. S9C ). Moreover, we labeled all three PlpA mutants with GFP and expressed them as the sole sources of PlpA. As shown in Supporting Information Fig. S9D , the majority of the GFP-labeled PlpA mutants still localized at lagging cell poles, indicating that these point mutations did not affect the localization of PlpA.
To investigate if PlpA binds to c-di-GMP in vitro, we expressed PlpA in E. coli with a 6 3 His tag on its N-terminus and purified the recombinant protein using Ni 21 affinity chromatography. To eliminate the potentially prebound c-di-GMP, an aliquot of purified PlpA was denatured using 4 M urea and refolded on a nickel column. We then performed isothermal titration calorimetry (ITC) assay, using c-di-GMP as titrant. As shown in Supporting Information Fig. S10 , the injection of c-di-GMP into purified PlpA solution (10 lM), purified and refolded PlpA solution (10 lM) and the buffer control caused identical patterns of thermodynamic changes. Thus, we did not detect any binding between PlpA and c-di-GMP in vitro.
The fact that PlpA contains the intact c-di-GMP binding motif suggests that PlpA might bind to c-di-GMP or other nucleotides, such as cyclic AMP-GMP in vivo (Hallberg et al., 2016) . However, our data provide strong evidence that c-di-GMP is not required for the regulatory function of PlpA on motility.
PlpA does not influence the localization of FrzS, a regulator for S-motility
PilZ is essential for the assembly of T4P in Pseudomonas aeruginosa (Alm et al., 1996) . However, the structure of the M. xanthus T4P machinery does not suggest a PilZ module (Chang et al., 2016) . Moreover, S-motility is still functional in the DplpA strain ( Fig. 2 and Supporting Information Fig. S4 ), indicating that PlpA is not essential for T4P assembly in M. xanthus. We labeled FrzS, a regulator of S-motility, with GFP in both the wild type and the DplpA backgrounds. In both strains, FrzS localizes asymmetrically at both cell poles, with brighter clusters at leading poles (Supporting Information Fig. S11A ). These data indicate that PlpA might not regulate the polarity of S-motility through FrzS. Moreover, we did not detect any interaction between PlpA and FrzS (Supporting Information  Fig. S11B ). We further performed pairwise BACTH assays to probe interactions between PlpA and the proteins exposed to the cytoplasm in the T4P, including PilB, PilT, PilC and PilM (Berleman et al., 2011) . Shown in Supporting Information Fig. S11B , no interaction was detected between PlpA and these targets. Taken together, the mechanism by which PlpA regulates the polarity of S-motility remains to be investigated.
PlpA co-localizes with the gliding machinery
Strikingly similarity to MglA (Nan et al., 2015; TreunerLange et al., 2015) , PlpA directly interacts with the motor of gliding motility (Fig. 1) . MglA predominantly localizes to single (leading) cell poles, whereas its constitutively active variant, MglA Q82A , localizes both to cell poles and one of the putative 'focal adhesion' complexes (FACs) where the gliding machinery assembles (Zhang et al., 2010; Miertzschke et al., 2011; TreunerLange et al., 2015) . It is possible that PlpA also assembles into the gliding machinery. To test this hypothesis, we labeled PlpA with GFP and GltD (AgmU), a core protein that assembles into the gliding machinery (Nan et al., 2010b; Luciano et al., 2011; Faure et al., 2016) , with mCherry and investigated their localization using fluorescence microscopy. As shown in Fig. 3 , PlpA-GFP diffuses along cell bodies and concentrates into bright clusters at lagging cell poles. After examining 382 cells carefully, we were able to detect nonpolar clusters of PlpA-GFP in 18 (4.7%) cells (Fig. 6) . Without exception, all these clusters co-localized with GltD-mCherry at the FACs (Fig. 6) . Taken together, our data indicate that similar to MglA, a subpopulation of PlpA assembles into the gliding machinery.
PlpA antagonizes MglA in regulating the dynamics of the gliding motors
For gliding motility, individual motors can move and reverse independently (Nan et al., 2013 (Nan et al., , 2015 . MglA promotes the reversal of individual gliding motors and the spatial distribution of motor reversals correlates with the concentration gradient of MglA positively (Nan et al., 2015) . Since PlpA and MglA show opposite localization patterns and both interact with the gliding motors, we hypothesized that both proteins might regulate cell polarity though motor complexes.
To measure the local concentrations of MglA and PlpA precisely, we expressed MglA-mCherry and PlpA-GFP simultaneously and scanned their fluorescence signals along long cell axes. Consistent with our previous report, as the distance from the leading cell poles increased, the fluorescence intensities of MglA-YFP decreased gradually (Nan et al., 2015) (Fig. 7A ). In contrast, the intensities of PlpA increased gradually toward the lagging cell poles (Fig. 7A) . To quantify the concentration of both proteins, we averaged the intensities of each protein in 20 cells, with cell lengths normalized to 1. The results showed that MglA and PlpA formed opposite gradients along cell bodies (Fig. 7A) .
To investigate if PlpA regulates the movements of individual gliding motors, we labeled AglR, the MotA homologue in the gliding motor, with photoactivatable mCherry (PAmCherry). Previously we showed that gliding motors containing AglR-PAmCherry support gliding motility to the wild type level (Nan et al., 2013) . We expressed the fusion protein as the sole AglR under its native regulatory control and used single-particle tracking photoactivatable localization microscopy (sptPALM) (Manley et al., 2008) to map the movements of individual motors by tracking the dynamics of single AglR molecules at 100-ms intervals (Nan et al., 2013 (Nan et al., , 2015 . We recorded 212 reversals of AglR particles in 20 cells with wild type gliding motility, normalized cell lengths to 1, and mapped the spatial distribution of these reversals. We found that AglR reversals showed an asymmetric distribution pattern, positively correlating with MglA concentrations (R 2 5 0.78) while negatively correlating with PlpA concentrations (R 2 5 0.81) (Fig.   7B ).
As reported previously, single gliding motors moving in helical tracks along the long axis of cells reverse their direction occasionally, leaving zigzag tracks in kymographs (Fig. 7C) (Nan et al., 2015) . When PlpA was either absent (in DplpA cells) or overexpressed (under the control of a vanillate inducible promoter, in the presence of 200 lM sodium vanillate), the velocities of individual motors did not change significantly compared to the wild type (Fig. S12) . However, in DplpA cells, individual motors reversed more frequently, mimicking the phenotype of the MglA overexpression strain (Fig. 7C) (Nan et al., 2015) . By contrast, when PlpA was overexpressed, individual gliding motors rarely reversed their moving direction, a behavior also observed in DmglA cells (Nan et al., 2015) (Fig. 7C) . To quantify the behavior of individual motors, we analyzed the time that individual AglR molecules traveled before reversing. As shown in Fig. 7D , in wild type cells, motors travels for 0.49 6 0.06 s (n 5 215) before reversing. In the absence of PlpA, individual motors traveled for less time before reversing (0.26 6 0.02 s, n 5 291) (Fig. 7D) . By contrast, when PlpA was overexpressed, individual motors traveled for a longer time (0.61 6 0.06 s, n 5 96), leaving long and straight tracks in kymographs (Fig. 7D) . Taken together, the results of single-particle microscopy Fig. 8 . PlpA regulates the direction of M. xanthus gliding motility by antagonizing MglA on individual gliding machineries. The antagonism between PlpA (inhibits motor reversal) and MglA (activates motor reversal) on gliding motors, together with their opposite concentration gradients, stabilize cell polarity during motility. Due to the local concentrations of PlpA and MglA, at nonpolar locations, motors moving toward lagging cell poles (green arrow) are less likely to reverse than those moving toward leading poles (red arrow). Thus, persistent motion of gliding machineries toward lagging cell poles will generate stronger forward propulsion.
indicate that PlpA regulates cell polarity by inhibiting the reversal of individual gliding motors. Since MglA promotes motor reversal, PlpA appears antagonizing MglA on individual gliding motors.
Discussion
PlpA stabilizes the MglA polarity axis during motility
In this study, we identified a novel regulator, PlpA that controls the directionality of M. xanthus motility. Using gliding motility as an indicator, we demonstrated that PlpA antagonizes MglA on individual gliding motors. Due to the opposite asymmetry of MglA and PlpA, the antagonism of PlpA near lagging cell poles will reinforce the function of MglA near the leading poles (Fig. 8) .
It is still unclear how regulators such as MglA and PlpA control the moving direction of the entire cell by interacting with individual motility machineries. Here we propose a simple model that provides a potential mechanism. In M. xanthus cells, the probability of reversal of gliding motors is regulated by the localized activities of both MglA and PlpA. Thus, due to the opposite concentration gradients of MglA and PlpA, motors moving toward the lagging cell pole are less likely to reverse due to the decreasing MglA concentration and increasing PlpA concentration. By contrast, motors moving toward the leading cell pole are more likely to reverse due to the increasing MglA concentration and decreasing PlpA concentration. Taken together, the net effect of the opposite MglA and PlpA gradients is stronger forward propulsion generated by motors moving toward the lagging cell pole, which would propel cells forward (Fig. 8) . This polarity is maintained until the Frz pathway signals an inversion of both gradients (Leonardy et al., 2010; Zhang et al., 2010) . This mechanism is analogous to the directional switching of flagella motors during swimming of E. coli, in which persistent counterclockwise rotation of flagella motors results in net motion toward attractants or away from repellents.
Our model provides logical explanations for some experimental observations that have previously been difficult to interpret. For example, Cells carrying an mglB deletion or expressing the constitutively active MglA variants, MglA Q82L and MglA
Q82A
, feature symmetric bipolar MglA localization (Leonardy et al., 2010; Zhang et al., 2010) . If MglA is the only determinant of cell polarity, these cells should not generate any unidirectional movements because both poles are equally polarized. However, as PlpA still remains polarized when the MglA polarity axis diminishes, these cells still move unidirectionally for at lease one cell length before reversing (Zhang et al., 2010) . In contrast, when the polarity of both PlpA and MglA are abolished, as in the DmglB DplpA cells, the cell polarity axis totally disappears. Accordingly, cells reverse 1.3 times more frequently, resulting in even shorter displacements between reversals (Fig. 2) .
It is surprising that RomR largely retains its asymmetric bipolar localization in the absence of PlpA, because PlpA regulates the localization of MglA and MglB (Fig.  5) and both MglA and MglB regulate RomR (Keilberg et al., 2012) . Due to its lack of direct interaction with the Mgl module (Supporting Information Fig. S7 ), PlpA is not likely to regulate the activities of MglA and MglB. We hypothesize that the correct localization of RomR might require both the localization and catalytic activities of MglA and MglB. If this hypothesis is true, since the activities of MglA and MglB are still intact, the absence of PlpA only causes limited changes in the localization of RomR (Fig. 5) . However, significantly more data are required to prove this hypothesis.
The regulatory similarities between gliding and swimming As mentioned previously, PlpA is conserved in the order of Myxococcales where the flagella stator homologues AglR/Q/S are reconfigured as motors for surface motility (Luciano et al., 2011) . Besides the fundamental similarity between the energy-harvesting units (M. xanthus AglR/Q/S and E. coli MotA/B are homologous proton channels), gliding and flagella-powered swimming also share similarities in regulation. In both cases, the signaling cascades that control the moving direction of cells start from chemotaxis pathways, the Che system in E. coli and the Frz system in M. xanthus (Zusman et al., 2007) . The identification of PlpA adds yet another layer of similarity between these two motility systems. PilZlike proteins regulate flagella assembly and rotation during swimming and swarming in other species similar to M. xanthus PlpA. For example, the E. coli PilZ-like protein YcgR functions as a molecular break that fine-tunes flagella rotation through direct interactions with MotA in the stator and/or FliG/M in the flagellum switch complex (Boehm et al., 2010; Fang and Gomelsky, 2010, Paul et al., 2010) . In P. aeruginosa, FlgZ directly interacts with stator protein MotC, enabling cells to quickly adapt to changing environmental conditions (Baker et al., 2016) . These striking similarities suggest that PlpA and the AglR/Q/S motor might have coevolved in myxobacteria and are specifically reconfigured for gliding.
Although PlpA assembles into the motility machinery, it rarely forms clusters. Instead, the nonpolar PlpA clusters observed in about 5% cells might indicate concentrated PlpA activities that are not regularly observed in cells. In this study, we took advantage of those nonpolar PlpA clusters to show their colocalization with the gliding machinery. A comparable example is MglA, which has been proved to assemble into the gliding machinery (Treuner-Lange et al., 2015) . Similar to PlpA, MglA does not form nonpolar clusters regularly. Instead, nonpolar clusters were only observed in 50% of cells that express a YFP-labeled MglA variant, MglA Q82A (similar to MglA Q82L used in this study) (Treuner-Lange et al., 2015) , which locks MglA to the GTP-bound conformation (Zhang et al., 2010; Miertzschke et al., 2011) . Much remains to be understood about the mechanisms by which small regulators, such as PlpA and MglA assemble into the gliding machinery.
Experimental procedures
BACTH screening and pairwise BACTH assay A M. xanthus DNA library was constructed using Phenol/ chloroform-extracted chromosomal DNA. Briefly, M. xanthus DZ2 cells were grown to OD 600 5 1. Cells were collected by centrifugation and re-suspended in 800 ll H 2 O before subjected to sonication. Chromosomal DNA was then purified using the Phenol/chloroform extraction method (Sambrook and Russell, 2001 ). The resulted DNA was fragmented using fragmentase (New England Biolabs) at 378C for 1-15 min. To stop the reaction, samples were incubated at 658C for 10 min, with 25 mM EDTA and 50 mM DTT added. The end repair of the DNA fragments was performed at 208C for 20 min in a 100 ll reaction containing 7.5 mg DNA, 10 ml T4 Ligase Buffer (103), 5 ml dNTPs (2 mM each), 5 ml T4 DNA Polymerase, 1 ml Klenow Fragment and 5 ml Polynucleotide Kinase. The resulted DNA was purified and checked using agarose electrophoresis (Sambrook and Russell, 2001) . Fragments between 300 and 1500 bp were cut from the gel, purified and ligated into the pKT25 vector (Karimova et al., 1998) using the SmaI restriction site. The ligation product was purified and co-transformed into MAX efficiency TM DH5a competent cells (Thermo Fisher) together with pUT18-aglS using heat shock method (Sambrook and Russell, 2001 ). Cells were incubated at 378C for 1 h, washed twice with M63 medium (Sambrook and Russell, 2001 ) and plated on M63 solid medium containing 0.2% maltose, 50 mg ml 21 ampicillin, 25 mg ml 21 kanamycin, 40 mg ml 21 X-Gal and 0.5 mM IPTG. Blue colonies were selected, the pKT25 plasmids were purified, and proteins potentially interacting with AglS were identified by DNA sequencing using the pKT25 forward primer. Pairwise BACTH assays were performed using the previously described method (Karimova et al., 1998; Nan et al., 2015) . Primers used for plasmid construction are listed in Supporting Information Table S1 .
Expression, purification, denaturation and refolding of PlpA
The DNA sequence encoding PlpA was cloned into the pET30a vector (Novagen) using the primers listed in Supporting Information Table S1 . The expression of PlpA was induced by 0.5 mM IPTG at 168C for 10 h in the E. coli strain BL21 (DE3). The purification, denaturation and refolding of PlpA was performed using the methods described in (Zhou et al., 2008; Nan et al., 2010a) . Briefly, transformed E. coli BL21 (DE3) cells were cultured in 20 ml LB (LuriaBertani) broth at 378C overnight and used to inoculate 1 l medium which contains 1.5% (w/v) Bacto Tryptone (BD Biosciences), 1% Bacto yeast extract and 5 g l
21
. Expression of the recombinant protein was induced by 0.5 mM IPTG (isopropyl-h-d-thiogalactopyranoside) when the culture reached an OD 600 of 0.8. Cultivation was continued at 168C for 10 h before the cells were harvested by centrifugation at 8000 rpm for 10 min. The pellet was suspended in buffer A (20 mM Tris-HCl pH 8.0, 500 mM NaCl) and the cells were lysed by sonication on ice. The lysate was centrifuged twice (18 000 rpm, 48C, 30 min) to remove debris prior to the purification procedure using a 5-ml Hitrap Ni 21 chelating column and FPLC (GE Healthcare). Recombinant PlpA protein was eluted using buffer B (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 200 mM imidazole) and directly concentrated using a Millipore centrifugal filter device with a 3 kDa cut-off. To eliminate the excess imidazole, the protein solution was diluted in buffer A and concentrated for five times (Nan et al., 2006) . Purified protein was stored at 2808C. 
ITC assay
ITC assays were performed using a MicroCal TM iTC200 isothermal titration calorimeter (Malvern), following previous described procedures (Nan et al., 2010a) , except for that the concentrations of PlpA (both natively purified and refolded) and c-di-GMP (Axxora) were 10 lM and 100 lM respectively. c-di-GMP was diluted into buffer A to a concentration of 100 lM at 258C and injected into the sample chamber containing 10 lM PlpA solution. ITC titrations were performed at 258C.
Strains and growth conditions
M. xanthus strains used in this study are listed in Table 1 . Motility and reversal frequency assays were performed using the same methods described in (Bustamante et al., 2004; Mauriello et al., 2009; Nan et al., 2010b) . To determine cell reversal frequency, cells were grown in liquid CYE medium, which contains 10 mM MOPS pH 7.6, 1% (w/v) Bacto Casitone (BD Biosciences), 0.5% Bacto yeast extract and 4 mM MgSO 4 (Campos et al., 1978) and spotted on a thin fresh 0.5 CTT agar (Wu and Kaiser, 1997) .
Deletion, point mutation and insertion mutants were constructed by electroporating M. xanthus cells with 4 lg of plasmid DNA or 1 lg of chromosomal DNA. Transformed cells were plated on CYE plates supplemented with 100 mg ml 21 sodium kanamycin sulfate. Site-directed mutagenesis of the plpA gene was performed using PCR method using the wild type plpA gene as templates (Sambrook and Russell, 2001 ). To construct the in-frame deletion or point mutation strains, in-frame deletion or point mutation cassettes were amplified with polymerase chain reaction (PCR) using chromosomal DNA as template, digested and inserted into plasmid pBJ113. All constructs were confirmed by DNA sequencing. Transformants were obtained by homologous recombination as previously described (Bustamante et al., 2004) . The primers used in the constructions of the in-frame deletions and insertions are summarized in Supporting Information Table S1 .
Microscopy
Time-lapse videos were recorded with a ZEISS AXIO TM microscope and a ZEISS AxioCam TM MRm camera at 10-s intervals. The reversals from 40 individual cells within 20 min were counted and analyzed. Colony morphology was recorded using a ZEISS SteREO TM microscope and a ZEISS AxioCam TM HSm camera. Fluorescence microscopy, sptPALM and data analysis were performed as described in (Nan et al., 2011 (Nan et al., , 2013 . Microscopy images and timelapses were captured using a Hamamatsu ImagEM X2 TM EM-CCD camera C9100-23B (pixel size 160 nm) on an inverted Nikon Eclipse-Ti microscope with a 1003 1.49 NA TIRF objective.
